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Symbolic analysis (SA) infers cardiac control from spontaneous stationary sequences of heart period (HP) by
estimating the probability of symbolic pattern classes. Unfortunately, SA does not assess the fraction of HP
variability associated with symbolic pattern families. This study proposes amplitude SA (ASA) accounting for
absolute changes between consecutive HPs. ASA leverages uniform 6-bin quantization to symbolize HP, the delay
embedding procedure to form length-3 symbolic patterns and a traditional strategy to group symbolic patterns
into four classes families according to number and sign of variations between adjacent symbols. ASA computes
the fraction of variance associated with symbolic pattern classes. ASA was applied to HP variability derived from:
1) healthy subjects during pharmacological challenges (n = 9; age: 25-46 yrs, 9 males); 2) healthy subjects
during graded postural stimuli (n = 19; age: 21-48 yrs, 8 males); 3) Parkinson disease (PD) patients (n = 12; age:
55-79 yrs, 8 males) and matched healthy controls (n = 12; age: 58-72 yrs, 7 males). We computed both global
and local ASA markers and we compared them with SA indexes. Over stationary HP series we found that: i) ASA
provides a general method to decompose HP variance according to symbolic pattern classes; ii) ASA is useful to
describe cardiac control; iii) ASA indexes are complementary to SA markers; iv) ASA emphasizes the link of HP
variability markers expressed in absolute units with vagal control; v) global and local ASA approaches provide
similar information. SA and ASA should be utilized concomitantly for a deeper characterization of cardiac control
from spontaneous HP fluctuations.

1. Introduction (HF, from 0.15 to 0.5 Hz) bands. The HF power of HP oscillations, taken

as a marker of respiratory sinus arrhythmia [2], is a widely recognized

Heart period (HP) fluctuates about its mean in the range of fre-
quencies below 0.5 Hz, and the amount of these changes has been linked
to the autonomic control targeting the heart [1]. Autonomic markers are
computed via spectral analysis decomposing the power of stationary HP
series into fractions that can be attributed to specific frequency bands,
mainly the low frequency (LF, from 0.04 to 0.15 Hz) and high frequency

marker of vagal modulation [3]. As a matter of fact, this portion of the
total variability has been abolished by cholinergic blockade induced by
high-dose administration of atropine [3-7], even though sympathetic
circuits can modulate respiratory sinus arrhythmia by modifying the
inhibitory action of sympathetic control on the vagal drive [8]. Inter-
pretation of markers related to HP fluctuations in the LF band is more
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controversial given that muscarinic blockade affects the LF power of HP
variability [3-7], the cardiac arm of baroreflex modulates autonomic
outflow in LF band [9,10] and burst rate of sympathetic outflow oscil-
lates according to LF rhythms [11-13]. However, it has been proposed
that suitable normalizations can reduce the impact of the variance on
the LF power of HP variability indexes, thus emphasizing the contribu-
tion of sympathetic control [14,15].

Symbolic analysis (SA) is a model-free tool commonly utilized for the
characterization of stationary HP sequences due to its ability to discard
irrelevant details, while enhancing specific features of the dynamics
[16]. SA is grounded on: i) a coarse graining approach transforming the
original time course into a symbolic series; ii) a procedure concatenating
several symbols into patterns; iii) a strategy clustering patterns with
similar meaning into a small number of classes; iv) the evaluation of the
rate of the pattern families. SA is commonly used to describe HP vari-
ability because of its efficiency in extracting and classifying dynamical
features [17-41]. However, SA is focused on the computation of the
rates of occurrence of symbolic patterns, or pattern families, thus pro-
ducing normalized markers ranging from O to 1, or eventually expressed
as percentages, while disregarding the contribution of a pattern class to
the total variability [42,43]. This lack prevents the exploitation of the
pattern classification strategy adopted by the SA to decompose the
variance of the series and derive HP variability indexes that are
expressed in square units of the measured variable.

The aim of this study is to propose amplitude SA (ASA) as a tool able
to introduce the amplitude of changes between adjacent samples of a
pattern in SA and to assess the contribution of symbolic pattern classes
to the HP variance. The ability of ASA is made evident on three classical
protocols designed to evaluate the impact of autonomic nervous system
(ANS) on cardiovascular control complexity in physiological and path-
ological conditions, namely during a pharmacological challenge (PC) in
healthy individuals [44,45], a graded head-up tilt (GHUT) in healthy
subjects [46] and a postural challenge in Parkinson disease (PD) patients
[47]. Preliminary results were presented to Computing in Cardiology
2025 [48].

2. Analyzing a time series via symbolic computation
2.1. SA

We followed the SA approach described in Refs. [22,34]. Briefly, the
seriesy = {yn,n =1,...,N}, where n is the progressive beat counter and
N is the series length, was coarse-grained by subdividing the min-max
range into £ bins of equal amplitude. Each original value y, was
substituted with an integer value y4 ranging from 0 to £-1 and labelling
the bin y, belonged to, thus transforming y into a symbolic series y* =

{yfl, n=1,..,

create the m-dimensional pattern y, = { yf qu

N}. The delay embedding procedure was followed to

yﬁm 1 ] Ac-
cording to previous recommendations, N was set to 256 to focus
short-term cardiac control mechanisms [1], while £ and m were set to 6
and 3 respectively to ensure that the probability of finding a symbolic
pattern can be reliably approximated with its relative frequency [22]. To
reduce the number of possible patterns (i.e., &™) into a small number of

meaningful categories, each pattern y‘i% j was classified into four clas-

ses according to the number and sign of variations between adjacent
components: i) no variation (0V) featuring three equal symbols; ii) one
variation (1V) presenting two consecutive equal symbols, while the
third one was different; iii) two like variations (2LV) featuring two
non-zero variations of the same sign between adjacent symbols; iv) two
unlike variations (2UV) presenting two non-zero variations of opposite
sign between adjacent symbols. This strategy, reducing the redundancy
of patterns generated by symbolization procedure, categorizes symbolic
patterns according to variability of symbols from the most stable sym-
bolic pattern (i.e., OV) to the most variable symbolic pattern (i.e., 2UV)
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with 1V less stable than OV and 2LV less variable than 2UV [22,43].
Since any pattern yfn:fg p withj=1, ..., N-m+1, fell into one, and only
one, category, the sum of the number of 0V, 1V, 2LV and 2UV patterns
was N-m-+1 with m = 3. The rate of occurrence of a pattern class was
estimated as the ratio of the number of patterns to N-m+1 multiplied by
100 with m = 3. These indexes were labelled as 0V%, 1V%, 2LV% and
2UV%, and expressed as percentage (%). Because of the definition 0V%
+ 1V%+ 2LV% + 2UV% = 100%.

2.2. Global and local ASA

The ASA approach introduced in SA the concept of the amplitude of
the variations between adjacent samples forming }’5253 ;- The global
approach utilized the global mean of y for the assessment of deviation of
each original values, while the local approach computed the local mean
over each pattern and variations were computed with respect to the local
mean.

The global sum (S) of square deviations is defined as

N-m+1

Z S G — ), @

with m = 3, where
1 N
=5 Z (@)

is the global mean. The S, can be factorized into four terms representing
the sum of square deviations from y computed over all the patterns
belonging to 0V, 1V, 2LV and 2UV pattern families respectively. These
portions of Sg are labelled S, ov, Sg1v, Sg 2Lv, and Sg 2uv, respectively with

S¢=Sg0v + Sg1v + Sgarv + Sgauv- 3)

The local sum (S)) of square deviations is defined as

N-m+1

= Z Zl 0 (,YHH /’ln , (©)]

n=1

with m = 3, where
59
= Yn+i- 5)
m i=0

is the local mean. Like Sg, even S; can be factorized into four terms
representing the sum of square deviations from y, computed over the
patterns belonging to OV, 1V, 2LV and 2UV pattern families respectively.
These portions of S; are labelled S; oy, Si1v, Si2rv, and S;auv, respectively
with

S1=Siov + Si1v + Si2v + Si2uv- (6)

Defined the variance 62 of y as

R XN:O' —n’ 7
N-1&7" ’

global ASA markers are computed as the ratio of S, ov, Sg1v, Sga1v, and
Sgouv to S, multiplied by ¢%. Analogously, the local ASA markers are
calculated as the ratio of S;ov, Si1v, Si21v, and Sjouy to S; multiplied by 62.
The global ASA markers are labelled aOVg, alVg, a2LVy, and a2UVy,
while local ASA markers are labelled aOV;, alV), a2LVj, and a2UV;
respectively. Global and local ASA indexes are expressed in ms2. Because
of the definition a0V, +alV,+a2LV; +a2UV,=¢> and aOV,+
alV,+a2LV; + a2UV,= o2
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3. Experimental protocol and data analysis

3.1. Influence of drugs affecting the ANS: the PC protocol in healthy
subjects

This protocol was originally designed to investigate the impact of the
autonomic control on HP variability through the administration of drugs
able to selectively block the vagal and/or sympathetic branches of the
ANS [44]. A detailed description of the PC protocol in healthy subjects
can be found in Ref. [44]. The protocol adhered to the principles of the
Declaration of Helsinki for medical research involving human subjects.
The human research and ethical review board of the Hospices Civils de
Lyon approved the protocol. All the subjects gave their written informed
consent. We studied 9 healthy volunteers (age: 25-46 yrs, 9 males)
recruited within the community of the physicians of the hospital and
familiar with the study setting. Physical examination and electrocardi-
ography confirmed the healthy status of the subjects. None of the sub-
jects were under pharmacological treatment. All had no history of
hypertension, and their normal resting brachial arterial pressure was
verified by a sphygmomanometer before starting the experimental ses-
sion. The subjects were instructed to avoid tobacco, alcohol and caffeine
for 12 h and strenuous exercise for 24 h before each experiment. During
the experiment the subjects breathed spontaneously, and they refrained
from talking. Electrocardiogram (ECG) was recorded during each
experimental session. Signals were sampled at 500 Hz. Experiments
were performed on 3 different days at approximately 2-week intervals.
One volunteer took part only in the experiments carried out during the
first day. Each experiment started in the morning (from 08:00 to 09:00).
Subjects remained at rest in supine position before starting a baseline (B)
recording lasting 15-20 min. The B period was followed by 15-20 min of
recording after drug administration. Recordings were obtained: i) on
day 1 after the intravenous administration of 40 pg-kg ! atropine sulfate
(AT) to induce vagal blockade through the inhibition of muscarinic
acetylcholine receptors; ii) on day 2 after the intravenous administration
of 200 pg-kg~'propranolol (PR) to induce p-adrenergic blockade via the
inhibition of p1 cardiac and p2 vascular peripheral adrenergic receptors;
iii) on day 1 PR was administered at the end of the AT session (the dose
of AT was reinforced by 10 pg-kg™!) to combine the effect of AT and PR
(AT + PR) and obtain the blockade of cardiac parasympathetic and
sympathetic branches of the ANS; iv) on day 3 recordings were obtained
120 min after oral ingestion of 6 pg-kg ! clonidine hydrochloride (CL) to
centrally block the sympathetic outflow to heart and vasculature and to
centrally increase the cardiac parasympathetic activity [45].

3.2. Effects of an orthostatic stimulus of controlled intensity: GHUT
protocol in healthy subjects

This protocol was originally designed to monitor the progressive
impact of autonomic control on HP variability with the magnitude of the
postural challenge monitored via the inclination of the tilt table [46]. A
detailed description of the GHUT protocol can be found in Ref. [46]. The
study was in keeping with the principles of the Declaration of Helsinki
for medical research involving human subjects. The human research and
ethical review boards of the “L. Sacco” Hospital and of the Department
of Biomedical and Clinical Sciences approved the protocol. Written
informed consent was obtained from all subjects. We studied 19 healthy
volunteers (age: 21-48 yrs, median = 30 yrs; 8 males). All the subjects
had no history and no clinical evidence of any disease. They were free
from any medications. They refrained from consuming any caffeine or
alcohol-containing beverages during the 24 h before the recordings as
well as from strenuous physical exercise. All the experiments were
performed in the morning. The subjects were on the tilt table supported
by two belts at the level of thigh and waist respectively and with both
feet touching the footrest of the tilt table. ECG (lead II) was recorded.
Sampling frequency was 300 Hz. A period of 5 min for acclimatization
with laboratory conditions and instrumentation was allowed while
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resting in horizonal position at B. After this period, recordings were
performed in the same order: 1) at B for 7 min; 2) during head-up tilt
regardless of table inclination (T) for 10 min; 3) during recovery for 8
min. The inclination of the tilt table, expressed in degrees, was randomly
chosen within the set {15,30,45,60,75,90} (T15, T30, T45, T60, T75,
T90). Each subject experienced all the tilt table inclinations and
completed the entire sequence without experiencing any signs of
pre-syncope. To allow the stabilization of the physiological variables
analyses were performed after about 2 min from the onset of each
experimental condition. During the entire protocol the subjects breathed
spontaneously but they were not allowed to talk.

3.3. Impact of ANS impairment: the PD protocol

This protocol was originally designed to assess autonomic control in
PD patients from HP variability as probed via a postural challenge and
compared to healthy control (HC) subjects [47]. A detailed description
of the PD protocol can be found in Ref. [47]. The study adhered to the
principles of the Declaration of Helsinki for medical research involving
human subjects. The human research and ethical review boards of the
Bolognini Hospital of Seriate, Bergamo, Italy approved the protocol. All
the subjects gave their written informed consent. We studied 12 PD
patients without orthostatic hypotension or symptoms of orthostatic
intolerance (age: 55-79 yrs, median = 65 yrs, 8 males) and 12 HC
subjects matched by age and gender with the PD group (age: 58-72 yrs,
median = 67 yrs, 7 males). HC individuals were recruited from hospital
and university staff, and among PD patients’ relatives featuring no sig-
nificant past medical history of cardiovascular, neurological, or respi-
ratory diseases. The PD patents (2-4 Hoehn-Yhar scale) were at the best
of their habitual pharmacological treatment. We recorded ECG (lead II).
Signals were sampled at 300 Hz. Signals were recorded with the subject
lying on the tilt table, gently fastened by two belts at the level of the
thigh and waist, with both feet touching the footrest of the tilt table.
Recordings of 10 min were obtained at B and during T75. During the
protocol, the subjects were breathing spontaneously but were not
allowed to talk.

3.4. Beat-to-beat HP variability series

After detecting the R-wave peaks on the ECG using a traditional
method based on a threshold on its first derivative, the time distance
between two consecutive R-wave peaks was labelled as the nth HP. The
jitters in locating the R-wave peak were minimized using parabolic
interpolation. Detections of the R-wave peaks were visually checked:
missed R-waves were manually inserted and erroneous identification
were deleted and reinserted if necessary. In these cases all the HPs
affected by the correction were recalculated. ECG recordings were free
of complex arrhythmic episodes. The effect of isolated arrhythmic beats
on the HP variability series was mitigated through linear interpolation
using the two most adjacent HP values delimited by sinus beats. The
limit of 5 % of corrections was never reached. SA and ASA markers were
computed over HP series. Sequences were randomly selected within the
experimental sessions. All the sequences underwent linear detrending to
mitigate the impact on nonstationarities. The stability of the mean and
variance was checked to ensure the fulfillment of weak stationarity [48].

3.5. Statistical analysis

The Shapiro-Wilk test was carried out to verify the normality of the
distribution and Brown-Forsythe test to check homoscedasticity. In the
PC protocol one-way analysis of variance, or Kruskal-Wallis one-way
analysis of variance on ranks when appropriate, was applied (Dunn's test
for multiple comparisons versus B) to check the impact of the autonomic
blockades compared to B. In the GHUT protocol linear regression anal-
ysis of SA and ASA markers on tilt table angle was carried out. Linear
regression analysis was carried out after pooling together all subjects
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and at individual level. Pearson product moment correlation r and type-I
error probability p was reported when the linear correlation analysis was
carried out after pooling together all the subjects, while the percentage
of subjects exhibiting a significant association with tilt table angles was
given when the analysis was performed at individual level. In the PD
protocol two-way repeated measures analysis of variance was performed
(one factor repetition, Holm-Sidak method for multiple comparisons) to
assess the significance of changes of SA or ASA indexes induced by the
orthostatic challenge within the same population (i.e., HC or PD group)
and the difference between groups within the same experimental con-
dition (ie., B or T75). If normality and equal variance tests for the
application of Holm-Sidak test were not passed, the corresponding non-
parametric tests (i.e., Mann-Whitey rank sum and Wilcoxon signed-rank
tests) were applied. In this case the level of significance was divided by
the number of comparisons (i.e., 4) to account for the multiple com-
parison issue. The degree of linear association of ASA indexes with SA
ones computed over the same pattern family was evaluated via linear
regression analysis in each experimental protocol. Experimental condi-
tions were pooled together before performing linear correlation anal-
ysis. All the statistical analyses were performed with a commercial
statistical software (Sigmaplot v.14.0, Systat Software, San Jose, CA,
USA). The level of statistical significance of all the tests was set to 0.05. A
p smaller than the level of significance was always taken as significant.

4. Results
4.1. Results of SA and ASA in PC, GHUT and PD protocols

The vertical box-and-whisker plots of Fig. 1 show markers of tradi-
tional SA, namely O0V% (Fig. 1a), 1V% (Fig. 1b), 2LV% (Fig. 1c) and 2UV
% (Fig. 1d), as a function of the experimental condition (i.e., B, AT, PR,
AT + PR, and CL) in the PC protocol. After AT 0V% increased signifi-
cantly compared to B, while 1V%, 2LV% and 2UV% decreased. After CL
2UV% rose significantly compared to B, while 0V%, and 1V% declined.
After AT + PR the sole significant variation with respect to B was the
drop of 2LV%.

Fig. 2 has the same structure as Fig. 1 but it shows ASA markers
computed according to a global approach, namely a0V (Fig. 2a), alVg
(Fig. 2¢), a2LVy (Fig. 2e) and a2UV, (Fig. 2g), and to a local approach,
namely a0V (Fig. 2b), alV) (Fig. 2d), a2LV) (Fig. 2f) and a2UV] (Fig. 2h),

2LV% [%]

PR AT+PR CL
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in the PC protocol. AT and AT -+ PR induced a significant decrease of all
the ASA indexes compared to B. a0V, and a0V}, decreased after CL, while
a2UV, increased. PR did not affect any ASA markers.

The scatter plots of Fig. 3 show the result of the linear correlation
analysis of traditional SA markers, namely 0V% (Fig. 3a), 1V% (Fig. 3b),
2LV% (Fig. 3c) and 2UV% (Fig. 3d), on tilt table angle in the GHUT
protocol. Values of r and p were computed over all subjects. 0V%
increased gradually with the magnitude of the orthostatic challenge
with r = 0.558 and p = 2.99 x 107'2. Conversely, 2LV% and 2UV%
decreased progressively with tilt table inclination with r = —0.401 and p
=1.70 x 107% and r = —0.549 and p = 7.51 x 10~ '2 respectively. 1V%
remained stable during the GHUT protocol with r = 0.081 and p = 3.52
x 107!, Linear regression analysis was carried out individually as well.
The percentage of subjects exhibiting a significant individual correlation
were 74 %, 11 %, 37 % and 63 % in the case of 0V%, 1V%, 2LV% and
2UV% respectively.

Fig. 4 has the same structure as Fig. 3 but it shows the result of linear
correlation analysis of ASA markers computed according to a global
approach, namely a0V, (Fig. 4a), alV, (Fig. 4c), a2LV, (Fig. 4e) and
a2UV, (Fig. 4g), and to a local approach, namely a0V (Fig. 4b), alV)
(Fig. 4d), a2LV) (Fig. 4f) and a2UV] (Fig. 4h), on tilt table angle in the
GHUT protocol. Values of r and p were computed over all subjects. a0V
and a0V increased gradually with the magnitude of the postural chal-
lenge with r = 0.202 and p = 1.97 x 102, and r = 0.247 and p = 4.22 x
1073 respectively. Conversely, alVg, alVy, a2LV,, a2LV], a2UV,; and
a2UV) decreased progressively with r = —0.306 and p = 3.35 x 1074, r
=_-0.235andp =651 x 103, r=—-0.421andp =4.42 x 10/, r =
—0.281andp =1.03 x 1073, r = —0.465and p = 1.67 x 1078, and r =
—0.432 and p = 2.01 x 1077, respectively. Linear regression analysis
was carried out individually as well. The percentage of subjects exhib-
iting a significant individual correlation were 16 %, 21 %, 58 % and 68
% in the case of aOVy, a1V, a2V and a2UV, respectively and 32 %, 21
%, 42 % and 74 % in the case of a0OV), alVj, a2LV) and a2UV;
respectively.

The vertical grouped box-and-whiskers plots of Fig. 5 show tradi-
tional SA markers, namely 0V% (Fig. 5a), 1V% (Fig. 5b), 2LV% (Fig. 5¢)
and 2UV% (Fig. 5d), as a function of the experimental condition (i.e., B
and T75) in the PD protocol. Markers were computed in HC subjects
(white bars) and PD patients (gray bars). Regardless of the experimental
condition, 1V% significantly decreased in the PD group compared to

— g —

§$é$$$

0 1 1 1 1 1

ég%

PR AT+PR CL

2UV% [%]

Fig. 1. The vertical box-and-whiskers plots show the 5th, 25th, 50th, 75th and 95th percentiles of traditional SA markers, namely 0V% (a), 1V% (b), 2LV% (c) and
2UV% (d) computed in the PC protocol. Indexes are reported as a function of the experimental condition (i.e., B, AT, PR, AT + PR and CL). The height of the box
represents the interquartile range with the median indicated as a horizontal line, while the whiskers correspond to the 5th and 95th percentiles. The symbol *

indicates p < 0.05 vs B.
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Fig. 2. The vertical box-and-whiskers plots show the 5th, 25th, 50th, 75th and 95th percentiles of ASA markers derived from global approach, namely a0V, (a), alV,
(c), a2LV, (e) and a2UV, (g), and from local approach, namely a0V; (b), a1V, (d), a2LV; (f) and a2UV, (h), computed in the PC protocol. Indexes are reported as a
function of the experimental condition (i.e., B, AT, PR, AT + PR and CL). The height of the box represents the interquartile range with the median indicated as a
horizontal line, while the whiskers correspond to the 5th and 95th percentiles. The symbol * indicates p < 0.05 vs B.

HCs, while 1V% did not vary with the postural challenge in either the
group. 2UV% increased in the PD group compared to HCs only during
T75, while the impact of the orthostatic stimulus was visible exclusively
in the HC group and took the form of the decrease of 2UV% during T75
compared to B. 0V% and 2LV% did not change across either groups or
experimental conditions.

Fig. 6 has the same structure as Fig. 5 but it shows ASA markers
computed according to a global approach, namely a0V, (Fig. 6a), alVg
(Fig. 6¢), a2LVy (Fig. 6e) and a2UVy (Fig. 6g), and to a local approach,
namely a0Vj (Fig. 6b), a1V (Fig. 6d), a2LVj (Fig. 6f) and a2UV (Fig. 6h),
in the PD protocol. Solely a0V, varied during the protocol: more spe-
cifically, a0V, decreased significantly in PD patients compared to HCs
during T75. This tendency was evident regardless of the ASA marker,
thus suggesting an impaired response to postural challenge in PD pa-
tients compared to HCs. No significant changes were observed across
experimental conditions.

4.2. Results of correlation analysis between SA and ASA markers

Table 1 shows the results of correlation analysis between SA and ASA
markers derived from the same pattern family in the PC protocol.

Analyses were carried out over global and local ASA indexes. Data were
pooled together regardless of the experimental session. SA and ASA
markers computed over more stable patterns (i.e., OV and 1V) were
uncorrelated, while those calculated over more variable patterns (i.e.,
2LV and 2UV) were significantly and positively associated. Results held
regardless of the approach (i.e., local or global).

Table 2 has the same structure as Table 1 but it shows the results of
correlation analysis in the GHUT protocol. Data were pooled together
regardless of the tilt table inclination. Results were reported distinctly
over global and local ASA indexes. 1V% and alV indexes were uncor-
related. Conversely, SA and ASA markers computed over patterns
featuring invariable symbols (i.e., OV) or highly variable patterns (i.e.,
2LV and 2UV) were significantly and positively associated. Results held
regardless of the approach (i.e., local or global).

Table 3 shows the results of correlation analysis between SA and ASA
markers derived from the same pattern family in the PD protocol as a
function of the population. Analyses were carried out over global and
local ASA markers. Within the HC and PD groups data were pooled
together regardless of the experimental condition. Regardless of global
or local approach to the assessment of ASA indexes, we found a signif-
icant and positive association when considering 2LV and 2UV patterns.
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Fig. 3. The scatter plots show the linear correlation analysis of traditional SA markers, namely 0V% (a), 1V% (b), 2LV% (c) and 2UV% (d) on tilt table inclination
computed in the GHUT protocol. Each open circle represents the value of the marker computed over a subject in each experimental condition (i.e., B, T15, T30, T45,
T60, T75, and T90). The linear regression (solid line) and its 95 percent confidence interval (dotted lines) are plotted when a significant association between the

marker and tilt table inclination is found.

Conversely, SA and ASA indexes derived from pattern families with
more limited symbol variability exhibited insignificant, or more limited,
association and results could be different when considering global and
local indexes.

5. Discussion

The main findings of this study over stationary HP sequences can be
summarized as follows: i) ASA is a SA-based method providing a way to
decompose the HP variance; ii) SA detects changes of the cardiac control
induced by autonomic challenges in healthy and pathological in-
dividuals; iii) ASA emphasizes the link of HP variability markers
expressed in absolute units with the vagal control; iv) global and local
ASA approaches provide similar information; v) ASA supplements the
information provided by SA.

5.1. ASA: a SA-based method providing a way to decompose the variance
of a time series

Symbolic computation operates over stationary series and makes use
of coarse graining techniques to transform the original HP values into
symbols and grouping strategies for building symbolic patterns [16,42,
43]. Symbolization strategies are commonly based on the amplitude of
dynamics [17,18,21,22,25-28,34,39,41], variations between consecu-
tive values [17-19,20,23,24,28-30,32,35,37,38,40], or ranking of
components of the pattern [31,33,36]. Definition of symbolic features
allows the efficient estimation of the likelihood of finding a specific
symbolic pattern in the HP variability series via its relative frequency.
The evaluation of the probability distribution of symbolic patterns en-
sures the evaluation of the complexity of HP variability via the estima-
tion of the Shannon entropy or the conditional entropy computed as the
variation of Shannon entropy [22,26]. Since the symbolization strate-
gies based on amplitude of the dynamics utilized a fixed amount of
symbols regardless the values assumed by the minimum and the
maximum of the series [17,18,21,22,25-28,34,39,41], those grounded
on variations between consecutive values disregard the amplitude of the
changes [17-19,20,23,24,28-30,32,35,37,38,40], and those on ranking
of components of the pattern accounts solely for the order of the values
[31,33,36], SA does not account explicitly for the magnitude of changes
between consecutive samples forming the patterns. As a matter of fact,

symbolic features belonging to the same class might differ dramatically
in the amount of variability across original samples. Consequently, SA
disregards the important information related to the amplitude of vari-
ations. Fig. 7 exemplifies this concept according to a symbolization
strategy based on amplitude of HP dynamics: symbolic patterns (Fig. 7b,
d) belonging to the same class, namely 2UV in this representative
example, refer to original patterns with dramatically different vari-
ability across HP values (Fig. 7a,c). Normalization provided by SA might
be limitative in HP variability analysis because the amplitude of changes
between consecutive HPs contains relevant information about ANS
functioning, especially about vagal control that plays an important role
in regulating fast HP components [3-7]. ASA introduces the amplitude
of changes between adjacent components of the patterns in SA. ASA is
based on: i) a pattern classification and redundancy reduction strategy
defined according to a traditional SA approach; ii) the computation of
the overall sum S of square deviations of any component of the original
patterns from the mean; iii) the computation of the fractional contri-
bution of any symbolic class to the S; iv) the rescaling of this fraction to
the variance of HP variability series to assess the portion of the HP
variance explained by the symbolic class. Remarkably, ASA features two
important properties: 1) the sum of the indexes over all the symbolic
classes is the variance of the HP variability series, thus providing a way
to decompose the HP power according to pattern classification strategy
defined by SA; 2) the approach is independent of the symbolization
approach, definition of symbolic patterns and strategy followed to group
patterns into a small number of classes. In the present study we utilized a
symbolic approach based on a uniform quantization procedure over & =
6 bins, on the formation of patterns of length m = 3 using the technique
of delayed embedding and on a redundancy reduction strategy grouping
patterns into four categories defined according to the number and sign of
variations between adjacent symbols [22,34]. Nevertheless, the pro-
posed ASA method can be applied with symbolization procedures based
on amplitude of the dynamics, the sign of variation between original
values, or ranking statistics [17-41], with pattern formation strategies
alternative to the delay embedding [49], and with methods clustering
patterns into families based on entropy [19].
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Fig. 4. The scatter plots show the linear correlation analysis of ASA markers derived from global approach, namely a0V (a), alV; (c), a2LV, (e) and a2UVy (g), and
from local approach, namely a0V, (b), alV, (d), a2LV; (f) and a2UV; (h), on tilt table inclination in the GHUT protocol. Each open circle represents the value of the
marker computed over a subject in each experimental condition (i.e., B, T15, T30, T45, T60, T75, and T90). The linear regression (solid line) and its 95 percent
confidence interval (dotted lines) are plotted when a significant association between the marker and tilt table inclination is found.

5.2. SA describes modifications of the cardiac control induced by
autonomic challenges in healthy and pathological individuals

SA detects the reduced vagal control induced by GHUT [11,15], the
pharmacological peripheral vagal blockade induced by the administra-
tion of a high dose of AT [3-7], and the pharmacological central vagal
modulation enhancement induced by the administration of CL [45].
Vagal control inhibition was stressed by the progressive decrease of
likelihood of finding highly variable patterns, such as 2LV and 2UV, with
the magnitude of the orthostatic challenge during GHUT and by the
dramatic decline of the presence of 2LV and 2UV patterns after AT.
Conversely, vagal control activation was highlighted by the increase of
2UV% after CL. The rise of 0V% suggests the gradual increase of the
sympathetic modulation proportional to tilt table inclination during
GHUT [11-13] and the shift of the sympatho-vagal balance toward a
prevalence of the sympathetic control during AT [7]. The decrease of OV
% and 1V% during CL was an indication of the direct central sympa-
thetic inhibition [46] and the inhibitory action of vagal circuits on the
sympathetic control [8].

Signs of dysautonomia are commonly observed in PD patients
[50-52]. The cardiac control impairment was suggested by the

reduction of total power of HP series [53-55], the decline of fraction of
the HP variability in the LF band [53,54,56] as a likely consequence of a
limited HP response to arterial pressure changes [47,54,55,57], the
reduction of the tonic sympathetic activity [47,58], the inadequate
sensitivity of the cardiac arm of the baroreflex [47,55,57,58], the
blunted drop of the HF power of HP variability and cardiac baroreflex
sensitivity during postural challenge [47,55], and the inability of arte-
rial pressure modifications to drive HP changes [59,60]. The reduction
of HP variability was made evident by the decrease of 1V% both at B and
during T75, while the impairment of the cardiac control response to
stressors was highlighted by the missed decrease of 2UV% during T75 in
the PD group that made the likelihood of finding 2UV patterns during
T75 higher in PD patients than in HCs.

5.3. ASA emphasizes the link of markers of HP variability expressed in
absolute units with the vagal control

ASA approaches suggested that HP variability markers expressed in
absolute units (i.e., msz) are mainly under vagal control. Indeed, even in
presence of a SA marker sensitive to sympathetic control such as 0V% the
portion of HP variability explained by this pattern, as estimated via a0V, was
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Fig. 5. The vertical grouped box-and-whiskers plots show the 5th, 25th, 50th, 75th and 95th percentiles of traditional SA markers, namely 0V% (a), 1V% (b), 2LV%
(c) and 2UV% (d) computed in HC subjects (white box) and PD patients (gray box). Indexes are reported as a function of the experimental condition (i.e., B and T75).
The height of the box represents the interquartile range with the median indicated as a horizontal line, while the whiskers correspond to the 5th and 95th percentiles.
The symbol # indicates p < 0.05 vs HC within the same experimental condition, while the symbol * indicates p < 0.05 vs T75 within the same group.

completely abolished by AT. However, some indications that a0V might be
sensitive to sympathetic control are present: indeed, aOV decreased after CL
as a result of central sympathetic inhibition [44,45], it gradually increased
with the magnitude of sympathetic activation in GHUT protocol
[11-13], and it was smaller in PD patients compared to HCs during T75
as a likely result of the sympathetic control impairment [51-53,56]. The
link of ASA markers computed over highly variable symbolic patterns (i.
e., 2LV and 2UV) with vagal control was evident, especially when a2UV
was considered. Indeed, a2UV decreased after AT [3-7], it increased
during the central vagal enhancement induced by administration of CL
[44,45], it decreased progressively with the relevance of the vagal
withdrawal during GHUT [11,15], and it was not modified during T75
compared to B in PD patients while it decreased in HCs [47,55].

5.4. Global and local ASA approaches provide similar information over
stationary HP variability series

Figs. 2, 4 and 6 allow the comparison between ASA markers derived
from global (left panels) and local (right panels) approaches. This
comparison suggests that the two techniques performed similarly.
Indeed, differences across groups and experimental conditions in PC and
PD protocols as well as trends in GHUT protocol were similar. This result
is the likely consequence of the stationarity of our series. Indeed, the
invariance of the mean and variance, tested during the phase of the
selection of the HP frame for the analysis [61], made local and global
mean very close. Only in the PD protocol the global approach produced
indexes with a more limited dispersion compared to the local technique
and this feature could have favored the detection of significant
between-group changes.

5.5. ASA supplements information provided by SA

Correlation analysis between SA and ASA markers derived from the
same symbolic class indicated a strongly significant positive association
between the likelihood of finding patterns featuring rapidly varying
symbolic dynamics and the amplitude of the changes across the original
samples. Since the presence of rapidly varying patterns is linked to vagal
control, this positive relationship stresses that the amplitude of changes
at fast time scales is under vagal control [3-7]. The percentage of stable
symbolic patterns is less importantly related to the amplitude of

variations even though, when present, correlation coefficient is again
positive. Since the presence of stable patterns is proportional to the
magnitude of the sympathetic activation induced by GHUT, the positive
relationship stresses that the increase of sympathetic control is associ-
ated with an augmentation of the amplitude of HP variability at slow
time scales [3,11,15].

The presence of a relationship of opposite signs between SA markers
and tilt table inclination in connection with the exclusive positive as-
sociation between SA and ASA markers suggests that SA and ASA in-
dexes carry complementary information. ASA markers confirm that
sympathetic control contributes to HP variability at slow time scales,
while vagal regulation impacts the amplitude of fast HP variations. The
complementarity of SA and ASA markers was emphasized by the missing
correlation between 1V% and alVy, or alV), even though both al1Vg, and
alVj are more under vagal control than sympathetic one, being abol-
ished after AT and gradually decreasing during vagal withdrawal
induced by GHUT, while the reduction of 1V% in PD group compared to
HCs both at B and during T75 could be related to autonomic dysfunction
in PD patients.

6. Conclusions

This study proposes the ASA method for the evaluation of the cardiac
autonomic function from HP variability. ASA is grounded on a SA
approach, but it complements traditional SA markers based on the
computation of the rate of pattern families with the evaluation of their
contribution to the overall HP variance, thus providing a way to
decompose the total power of HP variability series according to the
definition of symbolic pattern classes given by SA. Being based on SA,
ASA requires stationarity of HP sequences. However, like SA, ASA can be
easily extended to nonstationary HP series by iterating over time the
present approach over partially overlapped frames. Once ASA approach
is properly extended to analyze nonstationary sequences, global and
local ASA indexes may show important differences. Results suggest that
ASA supplements information provided by SA, thus suggesting that the
rate of pattern family might be independent of the contribution of the
symbolic class to the overall variability of original series. Modifications
of SA and ASA markers with experimental condition and/or population
stress that SA indexes are more suitable to capture modifications of
sympathetic control, while the ASA markers are useful to describe vagal
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Fig. 6. The vertical grouped box-and-whiskers plots show the 5th, 25th, 50th, 75th and 95th percentiles of ASA markers derived from global approach, namely a0V,
(a), alV; (c), a2LV, (e) and a2UVy (g), and from local approach, namely a0V (b), a1V, (d), a2LV) (f) and a2UV, (h), computed in HC subjects (white box) and in PD
patients (gray box). Indexes are reported as a function of the experimental condition (i.e., B and T75). The height of the box represents the interquartile range with
the median indicated as a horizontal line, while the whiskers correspond to the 5th and 95th percentiles. The symbol # indicates p < 0.05 vs HC within the same

experimental condition.

Table 1 Table 2

Results of linear correlation analysis of ASA on SA markers in the PC protocol. Results of linear correlation analysis of ASA on SA markers in the GHUT
®y) - » protocol.
(0V%,a0Vy) ~0.099 455 x 101 &) r p
(1V%,alVy) —-0.194 1.40 x 107" (0V%,a0Vy) 0.431 217 x 1077 *
(2LV%,a2LV,) 0.425 8.04 x 107** (1V%,a1Vy) 0.050 5.64 x 107"
(2UV%,a2UVg) 0.514 3.14 x 107 * (2]_‘\]1%’32]_‘\/5) 0.705 2.73 x 1072t =
(0V%,a0V) 0.069 6.03 x 107! (2UV%,a2UVy) 0.752 1.83 x 1073 *
(1V%,alVy) -0.182 1.68 x 107" (0V%,a0Vy) 0.624 9.91 x 10716 *
(2LV%,a2LV)) 0.449 3.61 x 1074 * (1V%,alVy) 0.043 6.23 x 10!
(2UV%,a2UV) 0.510 374 x 107 * (2LV%,a2LV/) 0.613 419 x 10710 *

(2UV%,a2UVy) 0.764 9.93 x 10727 *

0V = no variation; 1V = one variation; 2LV = two like variation; 2UV = two
unlike variation; 0V% = percentage of OV patterns; 1V% = percentage of 1V
patterns; 2LV% = percentage of 2LV patterns; 2UV% = percentage of 2UV
patterns; a0V, = global amplitude of OV patterns; alVg = global amplitude of 1V
patterns; a2V, = global amplitude of 2LV patterns; a2UV, = global amplitude
of 2UV patterns; aOV; = local amplitude of OV patterns; alV; = local amplitude of

0V = no variation; 1V = one variation; 2LV = two like variation; 2UV = two
unlike variation; 0V% = percentage of OV patterns; 1V% = percentage of 1V
patterns; 2LV% = percentage of 2LV patterns; 2UV% = percentage of 2UV
patterns; aOV, = global amplitude of OV patterns; alV,; = global amplitude of 1V
patterns; a2LV, = global amplitude of 2LV patterns; a2UV, = global amplitude

1V patterns; a2LV) = local amplitude of 2LV patterns; a2UV, = local amplitude of
2UV patterns; r = Pearson product moment correlation coefficient; p = type-I
error probability. The symbol * indicates p < 0.05.

of 2UV patterns; a0V, = local amplitude of OV patterns; alV; = local amplitude of
1V patterns; a2LV) = local amplitude of 2LV patterns; a2UV, = local amplitude of
2UV patterns; r = Pearson product moment correlation coefficient; p = type-I
error probability. The symbol * indicates p < 0.05.
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Table 3
Results of linear correlation analysis of ASA on SA markers in the PD protocol.
x,y) HC PD
A. p r p
-
(0V%,a0Vy) 0.126 5.56 x 107! 0.070 7.46 x 107
(1V%,alVy) —0.149 4.87 x 107! 0.227 2.85 x 107!
(2LV%,a2LVy) 0.766 1.28 x 1075 * 0.583 2.80 x 1073 *
(2UV%,a2UVy) 0.670 3.40 x 107* * 0.493 1.44 x 1072 *
(0V%,a0Vy) 0.324 1.23 x 107! 0.448 1.55 x 1072 *
(1V%,a1Vy) —0.140 5.15 x 107! 0.209 3.26 x 107!
(2LV%,a2LV)) 0.705 1.18 x 107 ** 0.594 219 x 1073 *
(2UV%,a2UV)) 0.678 2.74 x 1074+ 0.599 1.97 x 1072 *

HC = healthy control group; PD = Parkinson disease group; OV = no variation;
1V = one variation; 2LV = two like variation; 2UV = two unlike variation; 0V%
= percentage of OV patterns; 1V% = percentage of 1V patterns; 2LV% = per-
centage of 2LV patterns; 2UV% = percentage of 2UV patterns; a0V = global
amplitude of OV patterns; alVy = global amplitude of 1V patterns; a2LVy =
global amplitude of 2LV patterns; a2UV, = global amplitude of 2UV patterns;
a0V, = local amplitude of OV patterns; alV;, = local amplitude of 1V patterns;
a2LV) = local amplitude of 2LV patterns; a2UV, = local amplitude of 2UV pat-
terns; r = Pearson product moment correlation coefficient; p = type-I error
probability. The symbol * indicates p < 0.05.

function. We recommend the concurrent exploitation of both SA and
ASA indexes to provide a more insightful description of cardiac auto-
nomic control from spontaneous HP fluctuations. Given the efficiency of
SA in classifying patterns and the limited computational costs of ASA in
decomposing HP variance, the concomitant use of SA and ASA in real
time monitoring is feasible. Remarkably, ASA can be applied in associ-
ation with any SA method because it works regardless of the strategy
adopted for symbolization, pattern construction and pattern category
definition. Future studies should assess whether the application of the
ASA method to different SA modalities could allow the computation of
HP markers exploring different aspects of cardiac autonomic control.
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Fig. 7. The line plots show in (a) and (c) two original length-3 patterns composed by HP values dropping into different quantization bins, according to a uniform
quantization procedure based on 6 bins. Both the patterns in (a) and (c) feature two opposite variations between adjacent values. Regardless of the variability of
original HP values, both the patterns in (a) and (c) are transformed into symbolic 2UV patterns shown in (b) and (d) respectively. The horizontal dotted lines in (a)
and (c) indicate the strips built according to the uniform 6-bin quantization procedure, while those in (b) and (d) indicate the symbols associated with each strip.
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